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Introduction
The increasing occurrence of multidrug resistant bacteria (1,2) has become a growing concern, prompting an urgent need for novel antimicrobials. Antimicrobial peptides (AMPs) constitute one such class of potential anti-infective drugs, and are currently receiving much attention in both academic research and drug development (3) (4) (5) (6) (7) (8) .
AMPs have been identified from a number of sources, including plants (9) , insects (10) , and vertebrates (11) . Currently, significant interest is directed towards AMPs of endogenous origin, such as defensins, cathelicidins, and histatins (12, 13) . In the latter context, AMP sequences found in endogenous proteins, including complement, coagulation, and matrix proteins, have attracted interest, since several of these have been found to display potent antimicrobial effects, yet not provoking extensive toxicity (14) (15) (16) (17) (18) . Findings from these and other studies have suggested that such molecules may indeed be generated by infection-triggered proteolytic degradation of endogenous proteins by bacterial or host defense cell-related enzymes.
Motivated by the need of AMPs with potent and selective antimicrobial effects, but also added biological functionalities, we previously identified GKY25 (GKYGFYTHVFRLKKWIQKVIDQFGE), derived from the C-terminus of human thrombin, as a peptide displaying interesting antimicrobial and anti-inflammatory effects (16) . In an attempt to elucidate the origin of anti-inflammatory properties of this peptide, its interaction with bacterial lipopolysaccharide (LPS) and its lipid A moiety was subsequently investigated (19) . While the extent of LPS or lipid A binding was demonstrated not to be sole discriminant for the anti-endotoxic effect of these peptides, helix formation in peptide/LPS complexes, as well as peptide-induced LPS micelle disintegration, were demonstrated to correlate to the anti-endotoxic effect of these peptides.
In the present investigation, attention is shifted to membrane interactions and antimicrobial effects of GKY25 and its variants, notably the effects of linear amphiphilicity. There is by now a considerable literature on how peptide physicochemical properties such as length, charge, hydrophobicity, and secondary structure affect peptide-membrane interaction and resulting antimicrobial activity, as well as an increasing number of corresponding studies on acyl-modified lipopeptides, for which self-assembly expectedly influence membrane interactions (3) . In contrast, there are essentially no studies in literature addressing membrane interactions of peptides displaying a hydrophobicity gradient along its chain, i.e., for which the linear amphiphilicity is introduced within the peptide sequence. For peptides displaying a gradual progression from hydrophobic to hydrophilic along the peptide chain, both self-assembly and its consequences for membrane interactions become complex issues, which have yet to be elucidated. This was therefore the main aim of the present study.
In order to clarify the effects of linear amphiphilicity on membrane interactions, GKY25 (GKYGFYTHVFRLKKWIQKVIDQFGE) was compared to WFF25 (WFFFYYLIIGGGVVTHQQRKKKKDE) of identical composition, but with amino acids sorted according to hydrophobicity, the latter peptide thus displaying pronounced linear amphiphilicity. In addition, GKY25d
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From the thickness and refractive index, the adsorbed amount (Γ) was calculated according to:
(1)
where dn/dc is the refractive index increment (0.154 cm 3 /g) and n 0 is the refractive index of the bulk solution. Corrections were routinely done for changes in bulk refractive index caused by changes in temperature and excess electrolyte concentration.
Supported lipid bilayers were generated from liposome adsorption. DOPE/DOPG (75/25 mol/mol) were prepared as described above, but the dried lipid films resuspended in Tris buffer only with no CF present. In order to avoid adsorption of peptide directly at the silica substrate (surface potential -40 mV, and contact angle <10°) (23) through any defects of the supported lipid layer, poly-L-lysine (M w = 170 kDa, Sigma-Aldrich, St. Louis, USA) was preadsorbed from water prior to lipid addition to an amount of 0.045 ± 0.01 mg/m 2 , followed by removal of non-adsorbed poly-L-lysine by rinsing with water at 5 mL/min for 20 min (24) . Water in the cuvette was then replaced by 10 mM Tris, pH 7.4, containing also 150 mM NaCl, which was followed by liposome addition at a lipid concentration of 20 µM. The final layer formed after 2 h had structural characteristics (thickness 4±1 nm, mean refractive index 1.47±0.03), suggesting that a layer fairly close to a complete bilayer is formed.
After lipid bilayer formation, the cuvette was rinsed by 10 mM Tris buffer containing 9 min, peptide was added to a concentration of 0.01 µM, followed by three subsequent peptide additions to 0.1 µM, 0.5 µM, and 1 µM, in all cases monitoring the adsorption for one h. All measurements were made in at least duplicate at 25°C. adsorption was monitored through changes in the transverse electric and transverse magnetic modes, as described previously (25) . As for ellipsometry, Eq. 1 was used for determining the mass adsorbed, using a refractive index increment of 0.154 cm 3 /g.
LPS
Although treating phospholipids as optically isotropic systems is a reasonably accurate approximation for disorganized phospholipid bilayers, these actually display some optical birefringence, which is measurable with the sensitive DPI technique. The birefringence (∆n f ), obtained from the refractive indices for the TM and TE waveguide modes (assuming the bilayer thickness to be constant), reflects ordering of the lipid molecules in the bilayer, and decreases with increasing disordering of the bilayer (26, 27) . Consequently, ∆n f can be used to monitor ordering transitions in lipid bilayers as a result of peptide binding and incorporation, and therefore offers a simpler alternative to, e.g., order parameter analyses in 2 H-NMR spectroscopy (28 
Results
Adsorption. Shown in Fig. 1 are results on the adsorption of GKY25, GKY25d, and WFF25 at model anionic DOPE/DOPG bilayers at physiological ionic strength. As shown, the adsorption of GKY25 and GKY25d is quite similar at these highly negatively charged bilayers (z≈-40 mV) (29) . WFF25, on the other hand, displays a much higher adsorption density at these highly screened conditions due to its linear amphiphilicity and hydrophobic tail. Further addressing the issue of the effects of lipid head group composition on peptide binding, DPI experiments were performed, wherein phospholipid head group charge and membrane sterol content were varied GKY25d, we note that GKY25 displays more pronounced membrane rupturing than GKY25d for the zwitterionic DOPC and DOPC/cholesterol liposomes, illustrating that the partial formation of a (modestly) amphiphilic helix by GKY25 but not GKY25d ( Comparing E. coli liposome leakage and bacterial killing, GKY25 is more potent in both cases than GKY25d, illustrating the importance of helix formation for membrane destabilization for these peptides at high ionic strength. In contrast, WFF25, the most potent of peptides in terms of lysis of anionic ("bacteria mimicking") liposomes, induces the weakest bacterial killing at high ionic strength. Considering the high adsorption density of the highly amphiphilic WFF25 at anionic lipid membranes ( Figs. 1 and 2) , adsorption-induced liposome flocculation may at first be thought to result in an additional driving force for membrane disruption of liposomes, not present for bacteria. However, flocculation is not observed at 1 µM (Fig. S2) , at which full leakage induction occurs for WFF25 for the anionic liposomes (Fig. 3A) , but only at much higher peptide concentrations. Thus, peptide-induced liposome flocculation/fusion does not contribute to the leakage observed.
Instead, the observed difference between liposome and bacteria lysis is due to nonlipid components in the bacterial membrane. Thus, bacteria contain considerable amounts of membrane components not present in the model liposomes, notably LPS in Gram-negative bacteria and LTA in Gram-positive bacteria (30, 31) . These are highly anionic polyelectrolytes containing also hydrophobic domains, and display very high binding capacity of WFF25, but considerably smaller for the less amphiphilic GKY25 and GKY25d (Fig. 5) . In contrast to bacteria membranes, the model liposomes do not contain any LPS and LTA, hence no such scavenging occurs, and rupture is determined by peptide binding to the lipid bilayer only. This precludes comparison between liposome leakage experiments and antimicrobial results, but only for the highly amphiphilic WFF25.
WFF25 self-assembly. With its high linear amphiphilicity, WFF25 is somewhat similar to peptide amphiphiles, and is also able to self-assemble into aggregates. Thus, as shown in Fig. 6 aggregates are quite open. For GKY25 and GKY25d, λ max remains unchanged in the presence of either anionic or zwitterionic liposomes (Fig. 7) , demonstrating that the W 16 residues in these peptides are located in the polar head group region of the bilayer. For WFF25, on the other hand, there is a pronounced blue shift in the presence of anionic, but not zwitterionic, liposomes. Thus, the W residue of WFF25 is located in a more "hydrophobic" environment for the anionic liposomes. While such a result would also be compatible with the W residues being deeply buried into the acyl domain of the DOPE/DOPG membrane, the DPI results of lower membrane disordering of WFF25 than for GKY25 and GKY25d, as well previous results for W-tagged peptides (33) , demonstrate a limited membrane insertion of the polarizable W residues. Given this, a more likely explanation of the W fluorescence results is the occurrence of membranebound WFF25 aggregates, with increased packing efficiency due to the phospholipid present, resulting in a decreased polarity in the vicinity of the W residues.
Discussion
The transition from a random coil conformation to an (amphiphilic) α-helix on peptide binding to lipid membranes has been observed in a wide range of peptides, and has also been found to be of importance to the antimicrobial activity of a number of AMPs (34) . Also for GKY25, forming the C-terminal helix in human thrombin, such membrane-induced conformational transition is of some importance, evidenced by both antimicrobial effects and liposome disruption. As the helix formed is not very amphiphilic ( Fig. S4) (35) , however, the impaired helix formation in GKY25d has a quantitatively smaller role than for peptides undergoing more dramatic conformational changes, and/or forming helices with higher amphiphilicity, such as internal peptide segments of LL-37 (36) . Nevertheless, peptide secondary structure effects in membrane interactions are shown clearly when background electrostatics is suppressed, e.g., for zwitterionic liposomes and at high ionic strength, as well in the antimicrobial effect of these peptides.
Apart from secondary structure (i.e., conformationally induced amphiphilicity), linear amphiphilicity along the peptide chain plays a major role for membrane interactions.
Due to its pronounced linear amphiphilicity, WFF25 displays a considerably increased binding to anionic DOPE/DOPG bilayers compared to GKY25 and GKY25d. In contrast, WFF25 adsorption and insertion into zwitterionic DOPC and DOPC/cholesterol membranes is suppressed. A similar membrane composition selectivity was previously demonstrated for W/F-tagged peptides (37) . For such endtagged peptides, the presence of the bulky aromatic amino stretch precludes peptide insertion into zwitterionic lipid membranes as a result of a weaker electrostatic adsorption driving force, and particularly so in the presence of membrane-condensing cholesterol.
Due to its high linear amphiphilicity, WFF25 self-assembles in solution, in analogy to acyl-containing lipopeptides (38) , but in contrast to highly charged and hydrophilic peptides end-functionalized with short W/F stretches (39) . For the former, selfassembly has been found to limit membrane interactions and antimicrobial effects.
For example, Chu-Kung et al. investigated effects of the length of fatty acids conjugated to an AKK peptide, and found the antimicrobial activity to increase with fatty acid length. They also found, however, that antimicrobial activity is lost when the minimal active concentration is higher than the critical micelle concentration (cmc) of the lipopeptide (40) . In parallel, it was found that at concentrations above cmc, solution self-assembly inhibits peptide membrane binding and antimicrobial effect. Due to its intermediate mean hydrophobicity, as well as the gradual progression in polarity on going from one end of the peptide to the other, WFF25
represents a middle case between these extremes, sufficiently amphiphilic to result in self-assembly, but insufficiently so to form an essentially solvent-free micellar core.
As a result of this, packing is frustrated, and can be improved by mixed aggregate formation at the membrane interface once the adsorption driving force is sufficiently high (as with the anionic DOPE/DOPG) to override the free energy penalty of placing the polarizable W/F residues in a less polar environment.
In analogy to the high binding at anionic membranes, WFF25 binds extensively to anionic non-lipid components in bacteria, notably LPS and LTA. Since LPS and LTA are both abundant components in Gram-negative and Gram-positive bacteria, respectively, they can scavenge this peptide, preventing its concentration at the membrane to reach sufficient levels to achieve efficient membrane lysis. In fact, previous studies have shown LPS to bind antimicrobial peptides with a higher affinity than lipid membranes, although with a smaller magnitude than presently observed for the highly amphiphilic WFF25 (19, 41, 42) . In addition to such direct scavenging, preferential peptide binding to LPS and LTA may also result in an effectively impermeable layer through osmotic deswelling, in analogy to effects previously demonstrated for polyelectrolyte systems in the presence of oppositely charged peptides (43) (44) (45) (46) . Indeed, the dramatically reduced antimicrobial effect observed for WFF25 at high ionic strength, where peptide particles were considerably larger, indicates the importance also of the latter effect. Together, these effects result in an unusual discrepancy between antibacterial effects (through membrane lysis) and
peptide-induced liposome leakage. Thus, for highly amphiphilic peptides such as WFF25, liposomes (also those formed by bacteria lipid extracts) do not represent a good model for bacteria.
Conclusions
Effects of peptide linear amphiphilicity on membrane interactions and antimicrobial effects were investigated for GKY25, WFF25 (with retained composition but increased linear amphiphilicity). and GKY25d (with retained sequence but suppressed conformationally induced (helix-related) amphiphilicity 
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